Why are Supernovae at z> 1 Needed to Probe Dark Energy?
A Pictorial Primer

Eric Linder

In apurelytheoreticsensethedynamicalinfluenceof darkenegy rapidly de-
creasesbove redshiftsza 0.6. Moreover, anidealizedFishermatrix calculation
showsthatthe“sweetspot” of sensitvity to theequationof statew liesatz=~ 0.3.
Sowhy areobsenationsat z> 1 necessaryor characterizinghe dark enegy?
Theanswelliesin thebreakdevn of theidealcase:

e Systemati@rrors
e Cosmologicabegeneracies
e Darkenegy modeldegeneracies

Therequiredsuney depthdepend®n therigor of our scientificinvestigation,
how muchwe arewilling to assumeaboutthe otherparametergnteringinto the
determinatiorof thedarkenegy equatiorof state.A precisionestimateof w could
in principle be carriedout with an experimentobservingsuperngaeonly out to
z~ 0.3. But the accurag of this valuewould be uncertain subjectto biasfrom
breakdevn of assumption®n other degenerater congenerigparameters(Con-
generic — resemblingn natureor action— alsohasthe connotatiorof amolecule
thatactsanalogoushbut yieldsa quite differenttaste).

First we addresghe shibbolethsof the sweetspotandthe dynamicinfluence
range.Both arecorrectin aformal senseput fail in reality dueto the weakness
of their underlyingassumptionsThe sweetspotderivesfrom the Fishermatrix
in a procesdhatrelieson parabolic(gaussianpehaior of thelikelihoodsurface
aroundthe fiducial parameteset. This holdsonly in the absenceof correlated
errors(e.g.systematicsandanexactly known matterdensityQp,. Sotheprecision
determinatiorof w(z = 0.3), say hasonly limited meaningandlimited accurag.
SeeFigurel for anillustrationof therole of systematicalone with nodegenerayg
contributionfrom thecosmologyor darkenegy model(i.e. fixedQpy, constantv).
Plusthe sweetspothaslittle leverageon the valueof w at otherredshifts,i.e. the
time evolution ws.

The dynamicalinfluenceargumentrelies on a putatve measurementf the
darkenepgy densityQ,, at a specificredshift,in comparisorto the mattercontri-
bution, achieving equalityat ze5. Theissueof the changewer from accelerating
to deceleratingexpansionis analogousBut the integral natureof thedependence
of the dynamicalrelations(e.g. distances)n the parameterpreventsthis from
beingmeasuredlirectly. Evenatightly controlledtomographiexperimentyields
only H(z) directly, still involving anintegrationoverw(z). This causesninertia
thatstretchegheimportanceof the darkenegy to higherredshifts.For example,
saythetotal dynamicalequationof state(which itself includesbothw(z) andits
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integral) crossedrom lessthanto greaterthan—1/3 at somez,c, the mark of the
accelerating-deceleratirigansition. This doesnot shov up in adirectobsenable
like theturnover of the magnitude-redshiitliagramuntil perhapsa redshift2z,.

To seeevidenceof theaccelerating-deceleratinigansition,akey discriminator
from genericallymonotonicsystematiceffects, we areforcedto redshiftsz > 1,
eventhoughthetransitiontakesplaceat muchlower redshifts.Figure2 explicitly
demonstratethedynamicainfluenceof darkenegy atredshiftsnuchhigherthan
theformal equalityor accelerationtransitionvalues.

Similarly, to disentanglenonmonotonidiasessuchasa differentvalueof Q,
oneis drivento z> 1. While the besthopeis accuratecomplementarydeter
mination by a probeinsensitve to or dependingdifferently on the dark matter
properties given someremainingfinite uncertaintyone muststrive for aslong a
redshiftbaselineas possibleto maximizethe distinction betweenthe equations
of staterequiredto fit the data. Evenwith a pinneddown valueof Q,, our abil-
ity to distinguishdark enegy modelsimproveswith a greaterredshiftwindow
asvery differentscalarfield potentials,andhencephysics,canstill yield similar
magnitude-redshiftelationsover a finite range. This is especiallyexacerbated
at low redshifts. For examplethe time, or redshift, variationin the equationof
state,e.g.w, is poorly determinedor low redshiftexperimentswith a steeper-
ror dependencat z < 1. Figure 3 illustratestheseconfusionpossibilitiesfrom
cosmologicabnddarkenegy modeldegeneracies.

What in principle looked easyin an idealizedcasebecomemaore difficult,
but still well within reach,in a realistictreatment. The following graphsshow
in more detail how the redshiftrangerequiredto attaina certainparametemac-
curay changesasone discardsassumptionsn turn. Figures4-6 demonstrate
the influenceof relaxingthe assumption®f a perfectly knowvn Q., and no sys-
tematicsfor threedifferentsurwey depths. The modelfor the systematicerroris
Om = 0.02(1.7/Zyax) (1+2)/2.7, irreducibleover a 0.1 z bin. The mainfeatures
of thisansatzs anerrorincreasindinearlyin z (or 1+ z), notvanishingasz — 0,
andlargeratagivenz for ashallover suney.

Themaineffectof thesystematigs to extendthecontouran thewgp — wy plane
alongthe majoraxis, i.e. degradingthe estimate®f both parametersUncertainty
in Qn, tendsto fattenthe contours but keepthem“kissing” to the fixed Q, case.
Notethisimpliesthatsometimes merequotationof thelimiting errorswould not
turn up thefull degradation:for examplein the zyax = 0.5 or 0.9 caseghe limits
onwp or wy changerelatively little by increasingthe uncertaintyin Q,, but the
areaof the errorregionsincreaseby up to a factorof threeasa new degenerayg
directionenters.So one mustbe cautiousin dealingwith simple quotessuchas
“this determinesvg to +0.07”

Figure7 shows the bestandworstcasecontoursfor eachsurwey depth:those
with bothideal assumptionwalid, andwith bothinvalid. Hereoneclearly sees
severalimportantproperties:

1. wq: A shallov surwey is incapableof appreciablylimiting wy, evenfor per
fectassumptionsa mediumsurwey fails whentheassumptionarerelaxed.



2. Depth: While thereappeardo be relatively little differencebetweenthe
resultsof a zyax = 0.9 and 1.7 surwey underthe ideal case e.g.estimation
of wp, wy relaxesby 0.02,0.13, for the imperfectcasethe 1o constraints
degradeby 0.09,0.34. At higherz the leverageon systematicsmproves
suchthatthe maininfluenceon the degradationis the degenerag from an
uncertainQm.

3. Like to like: Experimentsshouldbe comparedunderthe appropriateas-
sumptions.An idealizedz = 0.9 surwey claimslimits on wp, w; better by
0.01,0.07thanthe imperfectz = 1.7 one,in constrasto the above like to
like comparison.

On anotherevel, one could compareSNAP, say with surweys with different
depthsandsystematicgo obtaina clearview of their relatve impact, within the
ansatzpresentechere. For exampleone could place constraintson the ampli-
tudeandslopeof systematicsuchthatthe resultsfell within a certainpercentof
SNAP’s. In the quantitatve limit onewould of coursewanta full modelof each
suney for comparison.But more qualitatvely — andin alessmodeldependent
manner— the discussionn the first part of this noteandthe plotsin the second
partshowv that naive relianceon agumentsof the sweetspotanddensityor ac-
celerationtransitionsprove insufficientand misleadingfor understandindpow to
probethedarkenenpy.
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Figurel: Thegaussiarerrorestimatedn aconstanequatiorof statew vs. suney
depth.In anidealizedview oneimprovestheerrorsalmostto theasymptoteoy the
sweetspotat z~ 0.3. However additionof a systematierrordrasticallychanges
thesituation,evenkeepingidealknowledgeaboutthe cosmologyanddarkenepgy

model.
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Figure2: Dynamicalinfluenceof dark enegy persistssubstantiallybeyond the
redshiftsof equalityor the acceleration-deceleratidransition. The curvesshow
the magnitudedifferencefrom a cosmologicakonstanimodelwhenthe darken-
emgy is ignored(treatedasordinary matter)above differentredshifts. Detectable
influenceremainsevenat 5z
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Figure3: Degeneracieslueto thedarkenegy model,e.g.equationof statevalue
or evolution, andthe cosmologicamodel,e.g.valueof Q,, cannotberesolhedat
low redshifts.Only atz~ 1.7 do thesevery differentphysicsmodelsexceed0.02
magdiscrimination.
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Figure4: The effect of breakingideal assumptiongor a surey outto z= 1.7.
Contoursarelco projectedn eachvariable.
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Figure5: The effect of breakingideal assumptiongor a surwey outto z= 0.9.

Contoursarelco projectedn eachvariable.
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Figure 6: The effect of breakingideal assumptiongor a surwey outto z= 0.5.

Contoursarelco projectedn eachvariable.
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Figure7: Therole of assumptionandsurey depthon cosmologicaparameter
determination.Inner contoursof eachtype showv ideal assumptionsputerallow
realisticbreaking.Onemustbe carefulin usingsimilarassumptiongn comparing
experimentsnotethatanidealizedz = 0.5 surwy appear$o do muchbetterthan
arealisticz= 0.9 one. But deepersurweys amelioratethe effect of systematics;
arealisticz = 1.7 experimentprovidescomparabldimits to anidealizedz = 0.9

one.
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